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Abstract

Both the observed background circulation and thethmeest Atlantic sea surface
temperature anomalies (SSTA) associated with trailation anomaly over the Ural Mountains
during early winter (October—December) are invegéd, and it is shown that a positive height
anomaly over the Urals is remotely linked to a pesiSSTA by an upper wave-train-like anomaly
chain across the North Atlantic and coastal Eurdpeinvestigate whether and how the SSTA
affects the circulation over the Urals, large-enslenatmospheric general circulation model (GCM)
experiments are conducted, and the results showttieaSSTA forces a similar wave-train-like
anomaly chain, resulting in a positive geopoterit@fht anomaly over the Urals.

The mechanism that maintains the response is dsaghbdy investigating the roles of
anomalous diabatic heating, and transient vortifotging, via a linear baroclinic model (LBM).
The results suggest that the two upstream anomaligbe chain are largely maintained by
anomalous transient vorticity forcing, althoughsitmodulated by anomalous diabatic heating. In
contrast, the Ural response is largely maintaingdabomalous diabatic heating. To mimic the
initial mechanism of the response, an idealizedtilgarepresenting the initial SSTA-induced
heating is prescribed. The LBM response to theligks heating is obtained, and then transient
feedback to the heating-induced anomalous flovimsikited, via a linear storm track model (STM).
The LBM responses to the anomalous transient wiyrtiorcing resulting from the idealized
heating resembles the GCM simulation upstream, ibutot significant over the Urals. This

suggests further that the Ural response is triggered maintained, by anomalous diabatic heating.



1. Introduction

The region around the Ural Mountains is one ofdlmegions with the maximum occurrence
of persistent circulation anomalies in boreal win(Bole and Gordon 1983). The circulation
anomalies over the sector have important affects Ugast Asian weather and climate (e.g., Ye et
al. 1962). A positive/negative anomaly of seas&ftdl-hPa height represents enhanced/weakened
blocking activity over the sector. Synopticallyetitwin-blocking pattern, one blocking over the
Urals and another over the Sea of Okhotsk, wittova &round Lake Baikal between the two
blockings, is one of the primary circulation patteithat produce southward outbreaks of cold air,
which are most severe over East Asia in early win@imatologically, a strong positive height
anomaly over the Urals in early winter is relatedat colder surface temperature than normal in
East Asia. Thus, for the early wintertime seas@madliction of East Asia, the circulation over the
Urals is one of the critical factors.

Due to the dominant role of atmospheric internalialality at mid-latitudes, seasonal
prediction of the circulation over this sector b@es a challenging and difficult project. The
critical factor lies in finding the lower boundaapomaly (i.e. ocean and land), which modulates
the atmospheric variability on seasonal and lortgeescales. Previous studies suggest that the
circulation anomaly over the Urals is related towave-train-like height anomaly chain upstream,
originating from the North Atlantic in observatigrizoth in summer (Li and Ji 2001), and in early
winter (Palmer and Sun 1985, in brief PS85 herBafeherefore, a natural question is whether
there exists an association between the height alyoohain, and North Atlantic sea surface
temperature anomalies (SSTA), or, further, whetheMNorth Atlantic SSTA can impact the chain,
thus influencing the Urals. Finally, if the influem exists, through what mechanism is the influence

initiated and maintained? In the present studyywilenvestigate these questions.



The observational composite in this paper sugdhatsa northwest Atlantic positive SSTA
is linked to the height anomaly chain in early wm{October—-December). Such an SSTA is
located in one of the most dynamically, and therynaghically active regions of the extratropical
atmosphere (Namias 1973), so its possible influemtahe overlying atmosphere has been the
focus of numerous investigations (e.g., Namias 1&6d 1973; PS85; Peng et al. 1995; Kushnir
and Held 1996). However, diverse and inconsistestlts are obtained by different authors, and,
correspondingly, whether the SSTA affects remotelythe Urals or not, is also inconsistent. PS85
used a version of the United Kingdom (U.K.) Metdogical Office’s general circulation model
(GCM), to conduct 4 pairs of 50-day wintertime grations with initial fields from November
analyses of four consecutive years. Each pair s mas performed with two different sea surface
boundary conditions, with either warm or cold SS®Rabout 3 K amplitude, prescribed in the
northwest Atlantic. Their simulations produced aipee height anomaly over the Atlantic and
another negative anomaly over the Mediterraned&utope. Both anomalies are in agreement with
the observational composite. However, they obtainedsignificant response over the Urals,
inconsistent with their synchronous observatior@hposite (cf. their Fig. 2 with Figs. 10-11).
Peng et al. (1995) conducted a similar study bggushe global spectral model of the Division de
la Recherche en Prevision Numerigue (RPN), of ttreo&pheric Environment Service of Canada.
They studied the atmospheric response to a sSirB®&FA in early winter (November), and in
midwinter (January) separately, by performing endemuns with 6 members for November and 4
members for January. Their results demonstratet thigaresponse is not the same in the two
different seasons, and thus is seasonally dependexiependent on the background circulation.
They obtained a strong positive barotropic heigsponse over the Atlantic, and a weak positive

response over the Urals in November (see their BigThe former response is in agreement with



PS85, but not the latter response. In Januaryrdbponse over the North Atlantic is negative,
despite being barotropic, and is totally differénmim the November response. The response over
the Urals is not significant. Kushnir and Held (699tudied the atmospheric response to localized
extratropical SSTA, using long integrations withoa-resolution (R15) GCM, with realistic and
idealized SST. Their results demonstrated that ghepotential height displays a baroclinic
response with a shallow anomalous low somewhat doeam from the warm North Atlantic
SSTA. Over the Urals, there is a positive, butlglig shifted to the north, height response in
October (see their Fig. 12). They argued that tgeificant difference of their results from other
simulations, baroclinic versus barotropic, couldalteibuted to the weak representation of transient
variability in their coarse resolution GCM. In surary, the atmospheric response to northwest
Atlantic SSTA, both over the North Atlantic locallgnd the Urals remotely, is inconsistent.

In recent years, significant progress has been nradeconciling the inconsistency and
diversity of simulated atmospheric responses tdatiidde SSTA in different studies (Kushnir et
al. 2002; Peng and Robinson 2001). These studggestithat a midlatitude SSTA does not force a
new mode of variability in the atmosphere. Instaadnly shifts the distributions and changes the
variances of existing internal modes. This is cdulsg the interaction between the SST-forced
direct response (thermal, and thus baroclinic), taedstorm track (e.g., Peng and Whitaker 1999;
Ting and Peng 1995). A stable atmospheric resparselting from this interaction, is primarily
maintained by anomalous transient vorticity fluxelis is the same case as the maintenance of the
internal low-frequency variability. The primary dobutor to the internal low-frequency
circulation anomaly is the forcing from anomaloustributions of transient momentum fluxes
(Branstator 1995). Thus, the SST-forced respondeirgarnal low-frequency variability share the

same dynamics, in that both are primarily maintibg transient forcing. This explains why the



SST-forced response projects strongly on the l@gtfency pattern (Peng and Robinson 2001; Hall
et al. 2001). Therefore, whether one GCM can sitauthe atmospheric response to the mid-
latitude SSTA depends on whether the model repeslirttrinsic low frequency and storm track
variability in the same way as in the observed aphere. Even now, no model reproduces
intrinsic variability in observational atmosphermerfectly. Model deficiencies, therefore, distore th
modeled response. By comparing the intrinsic vdrigbn the model and in observations, we can
expect to explain, to some extent, the atmosphesigonse to mid-latitude SSTA.

In view of the possible remote impact of the nosswAtlantic SSTA on the Urals, and the
inconsistent results obtained in previous studissyell as the above progress in understanding the
atmospheric response to mid-latitude SSTA, we condarge ensemble experiments with 100
members to investigate the SSTA influence in thédddal Centers for Environmental Prediction
(NCEP)’'s seasonal prediction GCM. Later sectiondl wuggest that this model simulates
observational variability over the North Atlantieasonably, despite significant deficiencies over
the North Pacific. Such a large ensemble may bessacy to get the atmospheric response to the
mid-latitude SSTA, considering the low ratio of tl&ST-forced signal to the strong internal
variability (Peng et al. 2003).

This paper is organized as follows: in sectionh2, ¢bserved background circulation and
North Atlantic SSTA associated with circulation aradies over the Urals are investigated by
composite analyses and regression; section 3 intesdthe models and the experiments. The
NCEP GCM and two idealized linear models, a linearoclinic model and a storm track model,
are described. The design of two sets of experisnenintroduced in brief; in section 4, GCM-
simulated intrinsic variability, and the simulatesbponse to the SSTA are displayed. The roles of

anomalous transient forcing and diabatic heatintpémaintenance of responses are diagnosed; in



section 5, the initial mechanism of the responseiagnosed by prescribing an idealized heating
and by investigating the direct atmospheric respdosthe heating and transient feedback to the

heating-induced response. A summary and discuss@given in the last section.

2. Observation Analyses

The National Centers for Environment Prediction atibhal Center for Atmospheric
Research (NCEP-NCAR) reanalysis monthly mean heghéind horizontal windy andv, from
October to December in 1948-2000 (Kalnay et al.6)9@nd the Global Ice and Sea Surface
Temperature dataset (GISST) (Rayner et al. 1998) fOctober to December in 1946-1998, are
used in the observational analyses.

First, we address the background circulation aasediwith the Ural anomaly. For this
purpose, the composite for the months when noreglmonthly 500-hPa geopotential height over
the Urals has a large positive/negative anomabalsulated. Here, monthly height anomalies are
normalized by the monthly standard deviation fatividual months from October to December.
Monthly anomalies are calculated as the monthlghttedifference from the climatological monthly
average in the 53 years, 1948-2000. When the nxedaheight anomaly at the key point {0
60°N) representing the Urals in one month is gredtant0.8 (less than -0.8), a positive (negative)
anomaly month case is defined. According to thisegon, a total of 34/37 positive/negative
anomaly months is defined for October to Decembet948-2000. Monthly anomalies for the
positive/negative months are grouped together tm fthe positive/negative anomaly composite,
individually.

Fig. 1 shows an equivalent-barotropic wave-traie-height anomaly chain, with a positive

anomaly over the central North Atlantic, and a tiegaanomaly over coastal Europe when the



Ural anomaly is positive. They are reversed whenUhal anomaly is negative. This suggests that
the anomaly over the Urals can be linked to thetiiNétlantic by the anomaly chain across the
Atlantic and Europe.

Fig. 2 displays the difference of the composite 83/hen the Ural anomaly is positive and
when it is negative. A significant positive SSTAiflwa maximum magnitude of 0.7 K, is found in
the North Atlantic, slightly upstream relative toetpositive North Atlantic height anomaly (Fig.
la). When compared the composite SSTA for the igesiiral anomaly months to that for the
negative months (not shown), the former shows éversed pattern to the latter. The composite
SSTA difference resembles the leading pattern efSI8T variability in this season (Czaja and
Frankignoul 2002; Drevillon et al. 2001). Whethacls an SSTA is physically linked to the height
anomaly chain is intriguing.

Fig. 3 displays the regressions of obsk&@0-hPa height and SST on the time series of the
leading empirical orthogonal function (EOF) of Cmto-December mean 500-hPa height over the
North Atlantic sector. From Fig. 3a, the heighdression is dominated by a wave-train-like chain,
with a robustly positive anomaly over the Urals.idewtly, the anomaly chain resembles the
composite height anomaly (Fig. 1). The observed &gfession plot (Fig. 3b) displays a positive
SSTA over the North Atlantic, also similar to th8TScomposite difference in Fig. 2. This suggests
that such an SSTA is linearly linked to the heigimomaly chain associated with the Ural
circulation anomaly. Whether the SST anomaly canaacforcing to the height anomaly chain,

deserves investigation. The issue is explored usi@Glyl simulations.

3. Models and Experiments

a) GCM



The GCM used here is a version of NCEP's operdtmeasonal forecast model with T42
horizontal resolution, and 28 vertical sigma lev@lsimilar GCM, but with T62 resolution, is used
in the NCEP-NCAR reanalysis (Kalnay et al. 1996yoTtypes of ensemble runs, with an ensemble
size of 100, are conducted for 8 months from Sepé&zrto April, one with the climatological SST,
and the other with the Atlantic SSTA (Fig. 4) addedthe climatological SST. The former are
referred to as control runs and the latter as S8i%s. Because of the small signal-noise ratio in
the extratropics, such large ensembles are negetssget a steady and significant response (Peng
et al. 2003). The 100 initial fields of the rung drom the NCEP-NCAR reanalysis of 12UTC,
September 1-5,1980-1999. The SSTA prescribed m &85, but has a smaller maximum value.
Such a central magnitude is about twice as greataghly SST standard deviation, and is within
the range of observed SSTA in early winter. Evitjerthe SSTA resembles both the observational
composite (Fig. 2), and the SST regression patierthe time series of the leading EOF (Fig. 3b).
In the sections below, the response is calculatethe ensemble mean difference between the

SSTA runs and the control runs.

b) Linear Baroclinic Model

In order to diagnose the roles of different forcitegms in the maintenance of the
atmospheric response to the SSTA, and the dirsaisgtheric response to the SST-induced heating
anomaly, a linear baroclinic model (LBM) is empldy&he LBM is a time-dependent model based
on the primitive equations including five basic ations describing the vorticity, divergence,
temperature, mass, and hydrostatic balancesalglebal spectral model with horizontal resolution
of T21 truncation, and 10 equally-spaced verticgakpure levels. No topography is prescribed at

the lower boundary. The LBM is integrated forwandiime, and the role of the individual forcing



term is estimated by the LBM response when a stesgjjonse state is reached. The basic state for
the LBM is derived from the seasonal mean for Oetdbecember. Two basic flows are obtained.
One is the GCM'’s basic flow, which is derived fraghe 100 control runs, and the other is the
observed basic flow, derived from the NCEP-NCARagsis in 1948-2000. Both basic flows are
used when studying the maintenance of the GCM resnand only the observational one is used
when studying the atmospheric response to an mehBST-induced heating. The main forcings in
the LBM are diabatic heating and transient vorti€iix convergence. In order to obtain the stable
response to the forcing, appropriate dissipatioangth is needed. For the observed basic flow,
Rayleigh friction and Newtonian damping are giviea tate of (1 day)at the lowest level, and (25
days)™ at other levels. For the GCM's basic flow, a sligistronger dissipation rate, (15 days)s
given above the lowest level. A biharmonic difausiwith a coefficient of X 10*® m*s* is applied

in the vorticity, divergence, and thermodynamic aens for both the basic flows, and it damps
the highest resolved wavenumber on a 4.5-day tiaiesé thermal diffusion with a coefficient of

2 x 10° m?s™ is applied for both the basic flows to represértrmal effect by transient eddies. A
guasi-steady state is generally achieved after tabOudays under these damping terms, so the
average of the last 5 days of a 60-day integrati@pproximated as the steady solution. A detailed

description of the model can be seen in Peng anitaWén (1999).

c) Linear Storm Track Model

Transient vorticity forcing plays a very importaote in the maintenance of the time-mean
flow. At the same time, transient activity is maakeld by time-mean flow (e.g., Branstator 1995).
In order to determine the synoptic eddy statistissociated with a given mean flow, linear storm

track models (STM) were developed by different aeskeers (Branstator 1995; Whitaker and



Sardeshmukh 1998; Peng et al. 2003). In the prestedy, an STM is used to estimate transient
feedback to the time-mean flow anomaly induced égting. It is an updated version of the STM
developed by Whitaker and Sardeshmukh (1998), wittorizontal resolution of T31 truncation
and five equally-spaced vertical pressure levelte 3caling parametest, in the STM (see EQ. 7a
of Whitaker and Sardeshmukh 1998), which determihesnagnitude of the stormtrack activity, is
chosen so that the simulated 300-hPa transienti&ieaergy, for observed basic state, matches
observations. Rayleigh friction and Newtonian damgpare assigned timescales of 0.4 days at
lowest level and 4 days above. The coefficientib&bnonic diffusion is set to $ 10'°® m*s™. Such

a diffusion damps the highest resolved wavenumb8d) on a 0.39-day timescale. The strong
damping is necessary to make the simulated stoack tclose to that observed. To determine
climatological transient statistics, the time-mélanv for the STM is the climatological seasonal
mean for October to December, derived from the 18#8 NCEP-NCAR Reanalysis. When
investigating transient feedback to the heatingttsdl anomalous flow, the time-mean flow is the
climatological flow, overlapped by the heating-iedd anomalous flow. Thus, the difference of
transient eddy statistics under the two flows #fledhe transient feedback on the heating-induced

anomalous flow associated with the SSTA.

4. Modeled Response and Its Maintenance
4.1 GCM’s Intrinsic Variability

As mentioned in the introduction, the mosl@tmospheric response to the midlatitude SSTA
strongly depends on the model’s intrinsic varigypiliow-frequency pattern and storm track. The

model's deficiency in representing intrinsic varidy, will distort the model's atmospheric
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response. Therefore, it is necessary to checkithiasic variability of the model used here in arde
to better understand the model response.

Fig. 5 displays the model's intrinsic variabilitypgether with its comparison to the
observations. From Figs. 5a and b, the distribuaod amplitude of standard deviation (SDV
hereafter) of 500-hPa monthly geopotential heighthie model, are close to the observations over
the North Atlantic, but those around the Urals significantly smaller than the observations. In
observations, there is a maximum in SDV with theueaof 80 m over the Urals (Fig. 5a), while
only about 45 m in the model. Because low-frequeraryability contributes the greatest portion of
the monthly variance, the result in Fig. 5b suggéseé low-frequency variability around the Urals
is deficient in the model. This point is confirmeg the leading EOF of 500-hPa geopotential
height. From Figs. 5¢ and d, the pattern of thdit@gpEOF over the sector in the model resembles
the observed one, in that both display a wave-irteenchain from the North Atlantic to the Urals.
Comparing the amplitudes over the different loetsrs composing the chain, the value over the
Urals is twice as great as that over the Atlantithe observations. This ratio can also be found in
the leading EOF over a greater domain, the northemisphere (not shown). In strong contrast,
the value over the Urals is 3.5 times smaller tthert over the North Atlantic in the model. This
suggests that the low frequency variability over thals in the model is severely deficient relative
to the observations.

Figs. 5e-h compare the model’s transient streanctifium variance, and stream function
tendency due to transient vorticity flux convergenwith those in the observations. A “poor man’s
filter” is used to obtain the synoptic componentshwimescales less than 9 days for both the
reanalysis dataset and the model output. A sirfiitar was used by PS85. Adopting such a filter is

a compromised choice in view of the short timeeseof daily model's output in each individual
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GCM run. For example, the original daily variablesthe filter are available only from September
5 to April 30 for the runs starting from Septembeeven if the model’'s spin-up period is included.
In view of a spin-up period needed for the GCM, titaesient component on October 1 cannot be
isolated via other temporal filters needing mor&adaoints. A test performed using the observed
dataset shows no significant differences from go6itx filter, which was used to isolate the
transient component with the time scales of 3-1ysd&rom Figs. 5e-h, the model reproduces the
observed storm track over the North Atlantic, & imodel's Pacific storm track does not compare
as well (not shown). Correspondingly, the leadin@FEover the Pacific domain is significantly
different from the observational one over the domadihis also results in a great difference
between the leading EOF of observational 500-hRghhever the northern hemisphere domain,
and that in the model.

In summary, the model captures the North Atlartieera track and generally reproduces the
wave-like low frequency variability pattern frometiNorth Atlantic to the Urals, but it seriously
underestimates the low-frequency variability over Urals. It also fails to reproduce the observed

intrinsic variability over the North Pacific.

4.2 GCM Simulated Response

Fig. 6 displays the ensemble mean difference ofld@& geopotential height and its vertical
cross-section along 529 between the SSTA runs and the control runs faokr to December.
One can see a significant barotropic wave-traia-lileight response across the North Atlantic and
coastal Europe to the Urals, with the maximum mtagie at 250-hPa. The response is similar to
the observed composite background circulation @stsat with the Ural anomaly (Fig. 1). This

demonstrates that the SSTA can induce a wave-ikaEnheight anomaly chain with a positive
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height response over the Urals. Such a responsdsas reflected in other variables, e.g., air
temperature.

Comparing the present response with previous stu@igy., PS85; Peng et al. 1995), the
upstream anomalies are qualitatively in agreematit RS85’s simulated December response and
Peng et al.’'s November response, especially overNbrth Atlantic, including their signs and
equivalent-barotropic structures. The positive aalymover the Urals is also qualitatively
consistent with Peng et al., albeit the presemiarse is somewhat stronger, and Peng et al.’s lacks
significance. Such a positive Ural response is tiong contrast with PS85, who found no
significant response. This exhibits that the presendel’s results extend the previous studies, in
that the SSTA not only induces a barotropic respah@wnstream of SSTA, but also remotely
results in a positive height response over thedtabugh a wave-train height anomaly chain. As
displayed in Figs. 5¢ and d, such a wave-trainrckaminates the low-frequency variability over
the North Atlantic-Europe domain in both the remh@sphere and the present model. In view of
the aforementioned dependence of the simulatediteogrical atmospheric response to the SST
anomaly on the model’s intrinsic variability, itspeculated that the difference of the Ural respons
can be attributed to the low-frequency variabiditfference over the domain in the models, though
the model’s internal variability is not shown inf@eet al. (1995), and PS85.

When the North Atlantic response strength is comgbavith PS85, where a strong 500-hPa
height response with a magnitude of about 17 mias obtained (the height difference between
their positive/negative SSTA runs, with an SSTA imaxn of 3.0 K, is about 100m, so the
response strength for a positive/negative SSTA@ia50 m /3.0 K 17 mK?), the response here
is weaker, only about 7 mK(17 meters of 500-hPa height response to 2.5 KAS®/Er the North

Atlantic). The 500-hPa height remote response tiverUrals in the present study is also weak,
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only about 10 m. The Ural response indicates aaigoise ratio of around 10/4522% (variance
signal-noise ratio 5%), given that the model's atpieeric internal variability (noise), represented
by one standard deviation, is about 45 m for 508-h&ght over the Urals (see Fig. 5b). Usually,
the magnitude of the atmospheric response to aatititle SST anomaly is 10-20 iiiKRobinson
2000), and the variance signal-noise ratio is 1%2&ushnir et al. 2002). Hence the present
response strength is significantly weaker than ithatost other studies. The weak response can be
associated with the model’s deficiency in reprasgniow-frequency variability. As demonstrated
in the above sub-section 4.2, low-frequency valitgbover the Urals is seriously underestimated.

Therefore, the response in the real atmospherebmajronger.

4.3 Maintenance of Response

The maintenance mechanism of the response is addrdy investigating the individual
contributions of anomalous diabatic heating, andnaadous transient vorticity forcing due to
transient vorticity flux convergence, the two masiportant among all forcings, via the LBM.
Here, the transient vorticity forcing is calculateder the T42 gaussian horizontal grid and 17
vertical levels of the GCM output, then interpothte the LBM’s T21 grid at 10 equally spaced
vertical levels. The diabatic heating is interpethto the T21 grid at 19 vertical levels from the
model’ original T42 grid at 28 sigma levels. Figdigplays the two forcings. The heating anomaly
over the European Continent is not so distincthas over the North Atlantic, thus only a smaller
domain is displayed. In view of the LBM is not axaet linearization version of the GCM, both the
observed and the model's basic flow are used toutatt the LBM response to the forcings,
despite theoretically only the GCM'’s basic flow slibbe used. The results suggest that the total

LBM response under the two basic flows resembleb ether, albeit the total response under the
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observed basic flow is slightly better than thadlemthe model's one, when compared to the GCM
response. Therefore, the LBM responses display&mvbare referred to that under the observed
basic flow.

The sum of the LBM geopotential height responseS0&-hPa and 850-hPa to the two
important forcings, along with the vertical profdgong 52.8N, are shown in Fig. 8. Comparing
with Fig. 6, most of the GCM response is reproducgdhe LBM simulated responses to the two
forcings. For example, both the positive 500-hFghtagesponses over the North Atlantic and over
the Urals, as well as the barotropic vertical dtries are captured well, although the latter’s
strength is slightly weaker.

Figs. 9 and 10 display the LBM's responses to trebatic heating and the transient
vorticity forcing, respectively. The response te thiabatic heating is very different from the total
response. The anomalous heating induces a south-dipole with the zero line along %0 over
the North Atlantic (Fig. 9a). The vertical profité the response exhibits baroclinic structure (Fig.
9c¢), in strong contrast with the barotropic struetaf the total response. The baroclinic response,
with the maximum response slightly shifted dowretneof the heating center, is in agreement with
simple linear theory (e.g., Held 1983). This theprgdicts a baroclinic response with a surface low
downstream of extratropical heat source by solvlimgarized thermodynamic equation of
stationary eddy. However, the heating response therUrals, including both its strength and
vertical barotropic structure, bears a strong rédance to the total response. In Fig. 10, the LBM
response to the transient vorticity forcing hadrangly positive height anomaly over the North
Atlantic, and a negative anomaly over Europe, avtti have a barotropic structure, in contrast with
the preceding heating response. Because the umpstresponses induced by the anomalous

transient vorticity forcing are much stronger thiaose induced by the heating, the sum of the two
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responses still appears barotropic. This sugghatsthhe anomalous transient vorticity forcing and
diabatic heating jointly maintain the upstream oesges, but the former plays a dominant role.
Over the Urals, although the anomalous transiemticity forcing can also induce a positive
barotropic response, the response magnitude igfisagrtly smaller than that induced by the
anomalous heating. This indicates that the anorsal@batic heating can be more important in

the maintenance of the Ural response. When the G@sisic state is applied, the main features are
similar. The small differences are: 1) the totap@nse around the Urals shifts slightly southward
with maximum magnitude at 48, due to one transient-induced positive heighpoese center at
the location; and, 2) the response to the heatsioksla negative pole over the North Atlantic (see

Fig. 9a).

5. Origin of Response

In the above section, one stable GCM response ¢o SBTA is obtained, and its
maintenance is diagnosed. Due to the existencendtlof feedback processes, one cannot deduce
the initial formation mechanism of the responsenfits maintenance. When an SSTA is prescribed
initially, it will cause anomalous heating in theeolying atmosphere by changing sensible heating
flux directly. The strength of the heating anomiglydetermined jointly by the SSTA (pattern and
magnitude), and the atmospheric thermodynamic enment near the surface (air temperature and
wind). The heating anomaly will result in atmospbeesponse by influencing the storm formation
processes, etc. Once the atmosphere begins td tajhe SSTA, the heating induced by the SSTA
will change and differ from that at the initial g&a Latent heating processes also will involvenm t
process. The adjustment between heating and sttimityawill never cease. A steady atmospheric

response reaches only when an equilibrium statth@fadjustment is formed. Therefore, the
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causality cannot be clarified at the equilibriumgg. In this section, the initial formation process
the steady response is explored. For a given S8ifially, how and by what process will it impact
on the atmosphere and result in a steady respohBejuestion can be divided into the following
sub-questions: What heating will be induced on@ S8 TA is prescribed initially? How will the
heating change time-mean flow? What transient faekllwill be caused? How will time-mean
flow respond to the anomalous transient activityf® fuestions are addressed by the LBM and
STM experiments.

5.1 Prescription of Initial Heating

First, one needs to estimate the heating strengthdastribution induced directly by the
SSTA initially. These can be deduced from the i@eship of heating with the surface flux (Peng
and Whitaker 1999). Generally, the heating anonmlyositively related to net surface heat flux
anomalies, and surface heat fluxes are proportitmdhe sea-air temperature contrast near the
surface. Therefore, the heating anomaly is primapitoportional to the anomaly of sea-air
temperature contrast. Evidently, the initial saat@nperature contrast equals the prescribed SSTA.
When the atmosphere has adjusted to the imposeda@8ialy (equilibrium stage, October-
December here), the surface sea-air temperaturteasbrcan be obtained easily from the vertical
difference of air temperature near surface. Tloeeebne can deduce the initial SSTA-induced
heating, given the anomalous sea-air temperaturegast at the equilibrium stage.

The model surface output provides air temperattitbeasurface and at the 2-meter height,
as well as flux variables. Sea-air temperature raghtcan be represented by the temperature
difference between the sea surface and the 2-niefight. Fig. 11 displays the difference of
ensemble mean sea-air temperature contrast fob@&eidecember between the SSTA runs and the

control runs. The maximum temperature contrast ampms only 0.7 K, while at the initial stage
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this should be equal to the SSTA, with a maximunueraf about 2.5 K (Fig. 4). It indicates that
the sea-air temperature contrast anomaly at thdillegum is much weaker, only around 30 percent
of that at the initial stage. Therefore, the colum&an heating anomaly strength at the initial stage
should be roughly 3 times as strong as that atlibgum (Fig. 7a). From Fig. 7, the anomalous
column-mean maximum heating is primarily situatedrahe SSTA and is deep, with two vertical
maxima near the surface and near 400-hPa, resplgctit the initial stage, the heating should not
be so deep due to the lack of transient feedbaokvé&sely, it should concentrate around the
surface due to the strong sea-air temperature aginthere, and its vertical distribution should
decay monotonically upward. This upward decreasebeamimicked with an idealized profilg’,
whereo = p/p (pp=1000-hPa), and n determines the decay rate. Largdefines a shallower
heating and vice versa. For extratropical SSTA-gedlinitial heating, it should be shallower, so n
= 8 is appropriate (Peng and Whitaker 1999). Basethe anomalous air-sea temperature contrast
(Fig. 11), and the anomalous column heating distidim at the equilibrium stage (Fig. 7a), we

prescribe an idealized initial heating as in Fig. 1

5.2 Response to Idealized Heating and Transiertifaek

Fig. 13a displays the LBM direct response to theaided heating. It resembles the
response to the heating at equilibrium stage @ag.except for a slight northward shift of the two
positive centers around the North Atlantic and theals. The vertical structure of the idealized-
heating-induced response is baroclinic over thetiNatlantic but barotropic over the Urals (not
shown), also similar to the response at the equihb (Fig. 9c). This indicates that the atmospheric
responses are not very sensitive to the verticafilprof the midlatitude heating. One natural

question arises: is the response sensitive to datibn of the heating? Several additional
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experiments have been conducted, with the locaifoheating shifted within the North Atlantic
basin, and the results exhibit that the LBM respoasongly depends on where the idealized
heating is specified, and only the heating prescdris in Fig. 12a can induce such a response.

Because of the role of the basic flow in organizirapsient eddies (Branstator 1995), the
heating-induced anomalous flow will modulate thgamization of transient eddies and thus change
the storm track. The anomalous transient eddy iacis simulated via the STM by comparing the
eddy activity statistics with the observed flowdawith the heating-induced flow added to the
observed flow. Fig. 13b displays the differencetled transient stream function tendency due to
transient vorticity flux convergence under the tlasic flows, which represents the transient
response to the anomalous flow (Fig. 13a) inducedhle heating. From Fig. 13b, the main
transient anomaly is over the position of the Né&tiantic climatological storm track.

The above anomalous eddy activity will feed back tba time-mean flow, thus also
resulting in a change of the mean flow. The chaeg®t induced directly by the heating, so it is
referred to as the indirect impact of the heatifige indirect impact can be estimated by the LBM
response to the anomalous transient forcing. RBg.displays the LBM-simulated indirect impact
of the idealized heating. A wave-train-like anomahain with a positive anomaly over the Urals
can be identified, but evidently, the strongestnaalies are over the upstream from the North
Atlantic to Europe. To some extent, the responsemdles the time-mean flow response to the
anomalous transience at the equilibrium stage (E@p). But the downstream response in the
former is relatively stronger in comparison witle tlatter, which indicates an un-negligible role of
the transient feedback in the formation of the detneam response.

This indirect influence will interact and overlagthvthe anomalous flow induced by the

heating directly, and thus the sum of the two efltes reflects the influence of the idealized
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heating at the early stage. From Fig. 13d, thd &itaospheric response at the stage also displays a
wave-train-like anomaly chain, resembling the GCdéponse in Fig. 6a and the observational
composite in Fig. 1a. Comparing the idealized Ingaithduced direct response (Fig. 13a) with the
indirect response (Fig. 13c), one can see thdattey component is the main contributor to the two
anomalies upstream, while the former component asemimportant for the Urals. With further
feedback between time-mean flow and transient adtlyity, the heating affect will be expected to
decrease gradually, in view of that the heatinthatequilibrium (Fig. 7a) is much weaker than at
the initial stage (Fig. 12a). Correspondingly, #f®malous transient forcing will increase, which
can be seen from the greater magnitude of tranBeced response at the equilibrium (Fig. 10a),
than that at the initial stage (Fig. 13c). In timel,ean equilibrium state will be reached. Anomalous
transient forcing dominates the maintenance of ahemalies upstream, where exists a strong
transient feedback. For the Urals, due to the iveligt weak transient feedback, the heating still

plays a more important role.

6. Summary and discussions

The circulation anomaly over the Ural Mountainscissely related to the anomalous
weather and climate in East Asia. In this pape¥,lthckground circulation associated with the Ural
anomaly during early winter is investigated, an@ evave-train-like height anomaly chain across
the Atlantic and Europe linked to the Urals is atdd. There is a strongly positive anomaly over
the northwest Atlantic, and a negative anomaly osaaistal Europe, when there is a positive
anomaly in 500-hPa geopotential height over thddUrEhe association of the Ural anomaly with
North Atlantic SST is investigated. The results destrate that there is a significantly positive

SSTA over the northwest Atlantic, when the Uralséha positive height anomaly. To explore
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whether the SSTA forces the Ural anomaly, two séttarge (100 members) ensemble GCM
experiments were conducted with the seasonallyivgrglimatological SST and with the SSTA

added to it. The results demonstrate that the S&3m\ force a wave-train-like height response
chain with a positive anomaly over the Urals, whigdsembles the observational background
circulation associated with the Ural positive heigimomaly. This suggests that the previously
demonstrated influence of the SSTA on the atmosplogculation (e.g., PS85) extends from the
North Atlantic to the Ural Mountains through the wearain-like chain anomaly across coastal
Europe. This is the primary conclusion of thisdstu

To further understand the maintenance mechanistheofesponse, the individual roles of
diabatic heating and transient flux convergence ttbo most important forcings, are diagnosed via
a linear baroclinic model. It is found that thee®lof the two forcings are not the same important
for the individual anomalies that compose the wiaar-like response chain. The two anomalies
upstream over the North Atlantic, and over coaBafope are jointly maintained by the two
forcings, while anomalous transient forcing playsl@ninant role. For the Ural response, the
anomalous diabatic heating plays a critical rokhoagh the anomalous transient forcing also
modulates the response.

In order to explore the initial formation processd#sthe responses, an idealized heating
representing the initial SSTA-induced anomaloustingas prescribed as a forcing of the LBM.
The results suggest that such an idealized hewafilhinduce a response with a south-north dipole
anomaly over the North Atlantic, and a positive rmaty over the Urals, which is similar to the
response to the anomalous diabatic heating atgb#iteium stage. Due to the modulation of the
time- mean flow in organizing transient eddies, ltleating-induced anomalous flow will modulate

the organization of transient eddies and thus ahdmg storm track. An STM is employed to mimic
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the transient feedback to the heating-induced atmusaflow by comparing the eddy activity
statistics under the observed flow, and with thatihg-induced flow added to the observed flow,
and the results indicate that the heating will teisua strong storm activity anomaly over the Nort
Atlantic, but only have a weak influence over theald. When the LBM is integrated to address
time-mean flow response to the induced anomalaussient forcing, a wave-train-like response
with a positive but weak height anomaly over thalBris obtained. The initial process of the
response to the SST anomaly can be summarizedl@asgoFirst, the SSTA will induce a strong
but shallow heating. The heating will induce a lslinic south-north dipole response over the
Atlantic and a barotropic positive height anomaleiothe Urals. The heating-induced response
will cause a strong transient feedback over thamit and a relatively weak transient feedback
dowenstream. The anomalous transient feedback imdlice a wave-train-like anomaly chain
across the North Atlantic and Europe to the Urdfth the not-ceasing feedback between eddy
activity and the time-mean flow, the heating impiscexpected to decrease gradually, while the
anomalous transient forcing affect is expectecthtwaase. In the end, an equilibrium state will be
reached. Anomalous transient forcing will domindte maintenance of the anomalies from the
North Atlantic to Europe, where exists a strongnsrant eddy feedback. For the Urals, due to the
relatively weak transient feedback, the heatinj ptays a more important role, although it is
modulated by transient forcing. The maintenancthefGCM response in October to December is
in agreement with this process.

Whether there exists a similar response in lateewriis an intriguing question. Fig. 14
displays the mean response to the SSTA from Feptoafpril. Clearly, it is very different from
early winter, in that it is a phase-reversed NAK& |dipole. The late winter response, with its sign

reversed, is similar to the atmospheric responsleetdNorth Atlantic SST tri-pole (Fig. 2 in Peng et
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al. 2002 and Fig. 1a in Sutton et al. 2001) in miper of recent studies (e.g., Czaja and Marshall
2001; Peng et al. 2002; Rodwell et al. 1999; Suttioal. 2001). This may be explained because the
SSTA, when with the sign reversed, is similar te ttorthern component of the SST tri-pole. The
significant difference of the response in early tefnand in late winter can be attributed to the
difference in the background circulation and thena@mnt low-frequency pattern during the two
seasons (Peng and Robinson 2001; Hall et al. 2001).

As mentioned in the text, the GCM response in tresent study is significantly weak in
comparison with the previous studies, and this ney attributed to the model's weak
representation of low frequency variability. Furtmesearch into the SSTA impact on the Urals,
therefore, is necessary using models that betpeesent the atmospheric variability, low-frequency

pattern and storm track.
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Figure Captions

Fig.1 Composite of 500-hPa geopotential height alprand the cross-section along SRI5(a)
(c) for the 34 Ural positive anomaly months anddp¥or the 37 Ural negative anomaly
months from October to December in the 1948-200ERGICAR reanalysis. Unit: m.
Shaded area is at the 95% significance level.

Fig.2 Composite SSTA difference between the 34 Positive anomaly months and the 37 Ural
negative anomaly months. Unit: K. Shaded areatisea®5% significance level.

Fig.3 Regression of October-December mean obsé&@@dPa height (a) and observed SST (b) on

the time coefficient of the leading EOF of Octollereember mean 500-hPa height. The
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leading EOF explains 27.2% of the total variancke TEOF analysis is conducted by
solving the covariance matrix of October-Decembe&am height anomalies interpolated
over equal-area grids, and the analysis domairhas North Atlantic (90W-0-90E, 20-
87.5N). Unit: m in (a) and K in (b). Shading repets anomalies that are correlated with
the time coefficient of the leading EOF at the 9&@tificance level.

Fig.4 SSTA used in the GCM runs. Unit: K.

Fig.5 NCEP GCM's intrinsic variability, low-frequen pattern and storm track, and its comparison
with the observations from the 1948-2000 NCEP-NQ&Rnalysis. Left panels are for the
observations, and right panels are for the 100 GoNrol runs. In (a) and (b) is the mean
of the standard deviation (SDV) of 500-hPa montigppotential height from October to
December. Unit: m. In (c) and (d) is the leading FEGf 500-hPa monthly height for
October to December. The EOF analysis domain isMOE0E, 20-87.5N), and the
analysis is conducted over equal-area grids. Thian@e explained by the leading EOF is
22% for the observations and 19% for the 100 GCktrod runs. In (e) and (f) is the 250-
hPa transient stream function variance. Unit®*1@* s In (g) and (h) is the 250-hPa
transient stream function tendency due to transierticity flux convergence. Unit: fis?.
See the text for the filters used to define tramsgéeldies. Shading in (c) and (d), as in Fig.3,
represents height anomalies that are correlatddthé time coefficient of the leading EOF
at the 95% significance level.

Fig.6 October-December mean GCM geopotential heaigéponse at 500-hPa (a), and the cross-
section along 52 (b). Unit: m. Shaded area is at the 95% signifiealevel.

Fig.7 (a) October-December mean anomaly of \ediyiaveraged heating in the SSTA runs. (b)

The vertical distribution of the anomalous heataigng 42.8N. (c) October-December
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vertical mean anomaly of stream function tendenaye do transient vorticity flux
convergence. Unit: K d&yin (a) and (b), s?in (c)

Fig.8 Sum of the LBM response to the anomalousatiatheating in Fig. 7a and to the anomalous
stream function tendency due to anomalous transienticity flux convergence in Fig. 7c.
(a) for 500-hPa; (b) for 850-hPa; (c) Cross-sectimmg 52.8N. Unit: m.

Fig.9 Same as Fig.8, except the response to thealoos diabatic heating.

Fig.10 Same as Fig.8, except the response to tbmaous stream function tendency due to
transient vorticity flux convergence.

Fig.11 October-December mean ensemble anomalyaehisgemperature contrast at the surface in
the SSTA runs. Unit: K. The sea-air temperaturdresih is represented by the difference at
the surface and at 2-meter height. See text.

Fig.12 Idealized heating distribution representing SSTA-induced heating at the initial stage. In
(a) is the depth-averaged heating rates, and inth@)vertical heating profile over the
maximum heating center. Unit: K day

Fig.13 (a) LBM 500-hPa height response to the idedlheating in Fig. 12. Unit: m. (b) 250-hPa
anomalous stream function tendency due to the iglaneddy feedback to the heating-
induced anomalous flow in (a) via the linear staratk model. Unit: is?. (c) LBM 500-
hPa response to the anomalous stream functionrienaes in (b). Unit: m. (d) Sum of (a)
plus (c). Unit: m.

Fig.14 Same as in Fig. 6a, but for February-April.

28



100

200

300

400

500

600

700

800

900

1000

140E 6OW 40W

140E 60W  40W

Fig.1

B AL

90W 80W 70W 60W 5

Fig.2

29

OW 40W 30W 20W 10W



) ) W 10W

100W 90W 8OW 70W 6OW 50W 40W 30W 20W

EQ

3

Fig

80W

60W  50W  40W  30W

70W

90w

EQ
100w

Fig.4

30



0
2
T

31



(b)

100
200
300
400
500
600
700
800
900

1000

140E

Fig.6

7

Fig

32



(b) 850mb

(a) 500mb

140E

Fig.9

33

]
S
A
]
42
w
s
8
8
2 Qa
w o
2 0
oo}
8 —~
~ O
=
°
=
5]
=
3
2
=
3
w (@)
5] w = w
f-2 =3 L =3
w
1 w Lt
g ] ]
w
S w [
A2 8 8
w w w
% P 8 = S
fe] 9]
w . i . w
=]
@ N 3 Q [QV] 2
To) € o)
w w o w
2 (@] =3 o (o2} =3
- w0 -
O O
& = &8 = S &
~ [S) ] o [s} 54
-
—~ —~
o o O ©
S St
=] g
53 54
= =
3 3
2 2
= = =
3 3 2
s & 2 & & & s 5 & s Py
8 8 8 8 8 8 8 8 8 8 8
€ & 8 ¥ 8 8 R 8 & 8 8




(b) 850mb

(a) 500mb

(c) along 52.5N
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